Chronic systemic hypertension has been shown to alter the distribution of vascular resistance in many microvascular beds. The purposes of this study were to assess the effects of chronic systemic hypertension on the pressure distribution in the coronary microcirculation and to determine the microvascular site where coronary vascular resistance is increased. Cats were made hypertensive using a one-kidney, one-wrap model (Page model D uring chronic systemic hypertension, the large conduit arteries of all organs are exposed to abnormally high blood pressure. In previous studies, in the cerebral, intestinal, and skeletal muscle circulations of the spontaneously hypertensive rat, the majority of microvascular resistance occurred in the small arterial microvessels, and tDeceased October 19, 1989. Received June 6, 1990; accepted November 5, 1990. capillary pressures were normal.1-3 In contrast, in the cremaster muscle of renovascular hypertensive rats, large arterial microvascular resistance was increased.4,5 These results, however, have not been uniform. Bohlen et a16 reported that in spontaneously hypertensive rats, microvascular resistance was uniformly increased in the cremaster muscle with increased capillary pressure.
D uring chronic systemic hypertension, the large conduit arteries of all organs are exposed to abnormally high blood pressure. In previous studies, in the cerebral, intestinal, and skeletal muscle circulations of the spontaneously hypertensive rat, the majority of microvascular resistance occurred in the small arterial microvessels, and capillary pressures were normal.1-3 In contrast, in the cremaster muscle of renovascular hypertensive rats, large arterial microvascular resistance was increased.4,5 These results, however, have not been uniform. Bohlen et a16 reported that in spontaneously hypertensive rats, microvascular resistance was uniformly increased in the cremaster muscle with increased capillary pressure.
In the coronary circulation, little is known regarding the site(s) where microvascular resistance is increased during chronic systemic hypertension. It is also unknown whether coronary capillary pressure remains normal during chronic systemic hypertension. Accordingly, the purposes of this investigation were to assess the effect of chronic systemic hypertension and left ventricular hypertrophy on the distribution of coronary microvascular pressure and to determine the microvascular site(s) where coronary vascular resistance is increased.
Materials and Methods Hypertensive Cat Model
Chronic systemic hypertension was produced in cats using the one-kidney, one-wrap model (Page model).78 Animals were anesthetized with a combination of ketamine (25 mg/kg i.m.) and acepromazine (5 mg/kg i.m.). By aseptic techniques, the abdomen was incised through the linea alba and opened widely. The right renal artery, vein, and ureter were ligated, and the kidney was removed. The left kidney was carefully isolated from the perinephritic connective tissue and snugly wrapped with cellophane.7 The cellophane was dipped in isopropyl alcohol just before the kidney was wrapped. The surgical wound was closed in layers, and the cat was treated with antibiotics (bicillin, 200,000 units i.m.) and allowed to recover. After recovery, systolic arterial pressure was monitored by the tail-cuff method in sedated cats (ketamine, 15 mg/kg i.m.) every 2 weeks to determine the onset and extent of arterial pressure elevation.
General Microvascular Preparation
Cats were sedated with ketamine (20 mg/kg i.m.), and under local anesthesia, a catheter was advanced to the aortic arch through the right femoral artery for arterial pressure measurement and the withdrawal of reference blood for myocardial perfusion measurements. A femoral vein was cannulated for drug and fluid administration. Aortic pressure was measured approximately 10 minutes after the insertion of the arterial cannula when aortic pressure stabilized (initial pressure). The cats were anesthetized with pentobarbital sodium (30 mg/kg i.v.), intubated, and ventilated. Supplemental pentobarbital was given to maintain the depth of anesthesia. The heart was exposed by a median sternotomy, and the lungs were wrapped with moist gauze to prevent drying. The right carotid artery was isolated, and a solid-state transducer (model 5F, Millar, Houston) was inserted and advanced into the left ventricle for measurement of left ventricular pressure and dP/dt. A snare was placed around the inferior vena cava to reduce aortic pressure during microvascular pressure measurements that were taken to determine whether microvascular pressure changes occurred simultaneously with changes in aortic pressure. The pericardium was opened, and the left atrium was catheterized via the appendage. The epicardial environment was maintained as physiologically as possible by dripping mineral oil on it. 9 To reduce cardiac movement caused by pulmonary inflation, high-frequency jet ventilation was used.9 Briefly, an 18-gauge cannula, which served as the inspiration tube, was introduced into the trachea and connected to compressed air through a solenoid valve and a pressure regulator. The solenoid valve, triggered by the left ventricular dP/dt signal, was open for 15-20 msec during a respiratory cycle. Arterial blood gases and pH were maintained within the physiological range by adjusting the duration that the solenoid valve was open, the positive end-expiratory pressure, and/or the regulator pressure.
The portion of the left ventricle to be studied was partially restrained to eliminate excessive cardiac movement as previously described.9 Measurements of microvascular pressure were made in vessels that were at least 3 mm from a pin entry or exit site.
Intravital Microscope System
Measurements of microvascular diameter in the beating heart were obtained with an intravital microscope (Ploemopak, E. Leitz, Rockleigh, N.J.) and a silicon intensified tube video camera (General Electric). The epicardium was epi-illuminated using a stroboscopic light source (150-W xenon arc, Chadwick-Helmuth, El Monte, Calif.). The strobe was triggered by the left ventricular dP/dt signal and flashed once per cardiac cycle at the same point of mid-diastole during successive cardiac cycles. By this illumination technique, the epimyocardial microvasculature appeared to be motionless when viewed through the microscope.10 Polarized filters were used to reduce glare from the epicardial surface. The microscope objective used for this study was a Zeiss Neofluor (x6.3, NA=0.20). Images obtained from the video camera were digitized with a video digitizer (Imaging Technology, Inc., Woburn, Mass.). The resolution of our measurement system was 8 ,gm for the x6.3 objectives. Microvascular Pressure Measurement System Pressure was measured in coronary microvessels using the servonulling technique"1 as modified by Intaglietta et al,12 which consisted of a servocontrolled pump (Instrumentation for Physiology and Medicine, San Diego) and a micropipette. The micropipettes had tip diameters between 2 and 5 ,um. The frequency response of the servonull system was filtered to 20 Hz and was critically dampened.
In these beating hearts, coronary microvessels moved vertically and horizontally. To move a micropipette in synchrony with this motion, it was mounted in a three-dimensional electromechanical micromanipulator, termed the Wobbler. The details of this system were previously reported by (Table 1 ). There were no significant differences in myocardial perfusion per unit mass in the epimyocardial or endocardial regions of the restrained or nonrestrained areas of normotensive and hypertensive cats. In addition, myocardial blood flow per unit mass was similar between the normotensive and hypertensive cats. In hypertensive cats, coronary vascular resistance in the restrained epimyocardium and the entire left ventricle was significantly increased compared with those in normotensive cats (Table 1) .
Coronary Arterial Microvascular Pressure and Segmental Resistances
The coronary arterial microvessels were divided into three groups according to the vessel diameter during pressure measurement: small, 100-200 ,.tm; medium, 200-300 gm; and large, .300 gm. Mean coronary arterial diameters of normotensive cats in each group were not different from hypertensive cats ( Table 2) . In large, medium, and small coronary arterial microvessels, the microvascular pressures were approximately 11, 17, and 27 mm Hg less, (Figure 2 ). Segmental coronary vascular resistances distal to the small coronary microvessels were significantly increased in hypertensive compared with normotensive cats (Figure 2 ).
Venous Microvascular Pressures
Coronary venous microvascular pressures were divided into three groups according to the vessel size during pressure measurement: small, <200 1tm; medium, 200-300 ,um; and large, .300 ,um. The systolic, diastolic, and mean aortic pressures were significantly higher in hypertensive cats. Microvascular venous pressures of large coronary venous microvessels were significantly higher in the hypertensive cats, but the coronary microvascular pressures in the small and medium-sized veins were similar between hypertensive and normotensive cats (Table 3, Figure 1 ). hypertension. In the present study, only coronary vascular resistance in arterioles <150 gm is significantly increased. We could speculate that if the increased resistance in the small coronary arterioles found in this study is fixed, these results may explain in part the mechanism for decreased vasodilator reserve in animals with hypertension and left ventricular hypertrophy. Since the vascular responses during autoregulation are predominately found in microvessels < 150 ,um,33,34 the findings of increased coronary microvascular resistance may also explain the etiology of abnormal coronary autoregulation in animals with hypertension and left ventricular hypertrophy.
Potential Mechanisms for Increased Microvascular Resistance of Hypertensive Cats
Our studies in hypertensive cats with compensated left ventricular hypertrophy demonstrated an increased coronary microvascular resistance in arterioles <150 gtm when compared with normotensive controls.
Many possible explanations could account for the increase in small vessel resistance. Previous anatomic studies in models of hypertension and left ventricular hypertrophy suggested that decreased capillary density,25,26 mechanical factors due to hypertrophy,2728 or vascular rarefaction35,36 could account for the increased resistance. Tomanek et al37,38 showed that epicardial arteries >640 gm of hypertensive dogs had increased lumen diameters, whereas intramural arteries had similar luminal diameters. These investigators also found that the ratio of capillary luminal volume to tissue volume was significantly lower transmurally in a dog model of hypertension and hypertrophy. While these anatomic findings could account for the increased microvascular resistance in arterioles <150 4ltm seen in this study, histological examination does not provide the physiological role of these abnormalities in the heart. Our study is the first to provide insight into the physiological role of these anatomical abnormalities.
